The semicrystalline morphology of injection moldings of polyamide 11 (PA 11) prepared using mold temperatures of 25, 50, and 80 °C was investigated. Regardless the mold temperature, position-resolved X-ray diffraction (XRD) and polarized-light optical microscopy (POM) revealed presence of poor/imperfect -crystals with an almost hexagonal arrangement of molecular stems in a non-spherulitic superstructure in the skin, and formation of -crystals and spherulites in the core. With increasing mold temperature, the thickness of the skin layer decreased, and the perfection of -crystals as well as the spherulite size in the core increased. The experimental observations are discussed in terms of predicted crystallization temperatures, with the prediction based on cooling-rate simulations for the various parts of the injection moldings using Moldflow ® and analysis of crystallization of the relaxed melt using fast scanning chip calorimetry, XRD, and POM. It is shown that the structure gradient in PA 11 injection moldings can be forecast without considering the effects of shear for this particular polymer.
Introduction
Polyamide 11 (PA 11) is a crystallizable bio-based polymer generally used for highperformance engineering applications as it has excellent resistance to chemicals and solvents, good thermal stability, and impact resistance at low temperature, as well as rather low moisture uptake compared to other polyamides [1] . With respect to processing by injection molding, such applications include fittings, connectors, gears, syringes, cable ties, or phone housings. Similar to other crystallizable polymers, the physical and mechanical properties of PA 11 are influenced by the semicrystalline morphology including the fraction and structure of crystals, their size, shape and perfection, and their organization in a higher-order superstructure, which all can be controlled by the condition of crystallization/processing [2] [3] [4] [5] . Regarding the crystal structure, it is known that PA 11 is polymorphic, that is, different crystal polymorphs may develop as a function of the crystallization conditions [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . As is illustrated in Figure 1 , melt crystallization at slow cooling (right pathway) occurs around 150-160 °C and typically leads to formation of pseudohexagonal -crystals which on further cooling reversibly convert at the Brill transition temperature into triclinic -crystals [15] ; the crystallinity may then reach values of 30 %. At high supercooling of the melt, as has first been discovered by quenching the melt into ice-water, formation of a pseudohexagonal, less ordered, smectic-like '-mesophase occurs [16] (left path). The '-phase is metastable at the temperature of formation and at lower temperatures, and it irreversibly transforms at elevated temperature into the /-structure [13] . There exist reports about further polymorphs of PA 11 which may develop upon solution-crystallization [17, 18] , or about crystallization in presence of pressure [8] . Regarding the latter it was found that crystallization under pressure can produce crystals of different thermal stability though not necessarily different crystal structure than typically obtained on crystallization at atmospheric pressure. We are not aware about studies of shear-induced crystallization of PA 11. To obtain information about the non-isothermal and isothermal crystallization kinetics, specific experiments have been performed using fast scanning chip calorimetry [19, 20] , permitting analysis of crystallization of the quiescent melt at conditions relevant in processing, that is, on cooling at rates up to 1000 K s -1 and at high supercooling of the melt [21] [22] [23] . It was found that the critical cooling rate to suppress crystallization is around 600 K s -1 in case of neat PA 11, and that on cooling at rates higher than about 100 K s -1 formation of -crystals at low supercooling is incomplete. Incomplete high-temperature crystallization allows then the development of '-mesophase at high supercooling, close to the glass transition temperature T g. The observation of formation of -crystals and '-mesophase on cooling at different rates, and occurring at different crystallization temperatures, is paralleled by the detection of a bimodal temperature-dependence of the crystallization rate which similar as in other polymers is associated to a change from heterogeneous nucleation at low melt-supercooling to homogeneous nucleation at high melt-supercooling [24] [25] [26] . A correlation between the crystallization temperature, the mechanism of crystal nucleation and the crystal polymorphism has been reported recently for a specific PA 11 grade [14] ; note that the critical supercooling at which pre-dominance of homogeneous nucleation is observed depends on the specific PA 11 grade investigated, that is, on the presence of possible heterogeneous nucleation sites.
Injection molding, that is, injecting the polymer melt into a cavity, is a common polymerprocessing technology due to its efficiency to produce both simple and intricate parts with high production output. During injection molding, the semicrystalline microstructure of the polymer forms under shear and thermal gradients that result in the development of variable morphologies between the outer skin and inner core of the molded sample. The resulting, often stratified microstructure imparts subsequent implications on the mechanical property profile. As a net result of the effects of shear, pressure, and thermal fields during injection molding, often skin/core morphologies with a layer-like or gradient structure regarding the orientation of macromolecules and crystals, the crystallinity, or the crystalline-amorphous superstructure develop [27] [28] [29] [30] . It is well-established that variation of the molding conditions such as melt temperature, injection-pressure/time, or mold temperature affects the skin/core morphology [29] [30] [31] [32] [33] [34] [35] [36] . However, to the best of our knowledge, specific reports about the skin/core structure of injection moldings based on PA 11 are not available, which is in contrast to numerous studies performed on different polyamides (PA 6 and PA 66) [28, 29, [33] [34] [35] [36] . For example, in those systems it has been proven that the skin was featureless in the optical microscope while the core showed spherulites that increased in size with increasing distance from the mold-wall. Furthermore, it was shown that the thickness of the non-spherulitic skin layer decreased with increasing temperature of both the mold and melt [29, 34, 35] . Because of the different cooling rate in the various parts of the molding, the crystalline component in the skin was rich in mesophase while the core mainly contained crystals [33, 34] . In more detail, in a study of the structure and properties of PA 66 injection moldings it was found that the cooling conditions are in particular of importance in thin-wall injection moldings and that slow cooling, enforced by increased mold temperatures, reduces or inhibits the development of a surface layer, allows a more homogeneous morphology, and also affects the crystallinity which increases with a reduced cooling rate. The latter has been analyzed by infrared spectroscopy as a function of the position in the moldings, which in addition to the effect of the mold temperature/cooling rate also allowed identification of the effect of variable shear along the cross section on the crystallinity [29] . The observation of an increased fraction of mesophase a result of faster cooling (evident in surface-near regions, or when using low mold-temperatures) is expected to have implications on the local properties as it was suggested that PA 6 containing mesophase has a distinctly lower Young's modulus and hardness than PA 6 containing similar amount of -crystals [37, 38] . Due to the lack of knowledge regarding crystallization of PA 11 during injection molding, in the present study PA 11 injection moldings were prepared using molds of different temperatures to facilitate different heat transfer scenarios. Using known molding parameters, simulation was used to estimate cooling rates through the part as a function of time. These locationspecific cooling rates provide a link to the resulting semicrystalline morphology, evaluated by X-ray diffraction (XRD), differential scanning calorimetry (DSC), and polarized-light optical microscopy (POM).
Experimental

Materials and processing
High viscosity PA 11 containing less than 7.5 % BBSA plasticizer, controlled by blending neat BESNO TL and BESNO P20 TL grades from Atofina, was used in this study [1] , with the blend prepared by melt-compounding using a Nanjing Ouli Extrusion Machinery Co., Table 1 . 
Cooling-rate simulation
The Autodesk®Moldflow 2016 software was used to simulate the cooling rates of the actual physical samples during the injection molding. The simulation was conducted to evaluate the temperature-time profile at specific locations of the samples, in order to estimate the cooling-rate condition at the selected regions for structural analyses by XRD, DSC, and POM. Figure 2 shows the CAD 3D model of the molded specimen including the mold geometry of the sprue, runner, gate, and part, and it was imported into the modeling software to generate a 3D mesh geometry which is consisted of 4-node tetrahedral elements. The mesh geometry was then refined to create 10 layers of elements through the thickness of the model, illustrated in the top part of Figure 2 , in order to accommodate and depict the thermal layer gradient through the thickness of the model. Then, a mesh bias factor was applied to create a denser mesh near the skin of the part and a coarser mesh in the core of the part. The mesh bias generated thinner elements of 50 µm close to the surface of the part and thicker elements of 850 µm near the core of the part. Once the mesh was completed, measurement nodes were located at the center cross section of the molding. These nodes corresponded to the sample locations used in the actual physical Once the model was constructed and material selected, actual process settings were replicated in the software. The setting parameters showed in Table 1 were used for each of the simulation runs. The heat transfer coefficient between the melt and mold wall was 5000 W m -2 K -1 during the filling phase and 2500 W m -2 K -1 during the packing phase, to represent the reduced heat transfer due to lower contact pressure. The time step defaults were used and are determined by percentage of part volume. The maximum percent change in volumetric fill was 2 % per time step. During the packing and cooling phases, a maximum time step of 1 s was used.
Polarized-light optical microscopy (POM)
Sections with a thickness of 50 µm were prepared using a SLEE rotary microtome CUT 4062 equipped with a tungsten carbide knife and then subsequently embedded in immersion oil between two cover slips. The location of sampling in the injection molded test bar is shown in Figure 3 , illustrating that the sections were taken parallel to the TD-ND plane. The microstructure of the specimens was then observed by a Motic BA410 optical microscope in transmission mode using crossed polarizers and with the images captured via a Moticam 2300 CCD camera. 
X-ray diffraction (XRD)
Sampling of specimens for XRD analysis of the microstructure of the injection molding is shown in Figure 3 . As such, sections were prepared parallel to the ND-MD direction of the molding. In order to identify a structural gradient from skin to core, sectioning began at the outermost skin with an increment of 50 µm for the first 5 slices towards the center region, which then is followed with a slightly increased increment of 70 µm. The X-ray structure of the section was then investigated in transmission mode using a Rigaku DMAX-Rapid II diffractometer equipped with a Cu X-ray tube and a graphite monochromator. The diameter of the circular beam was 800 µm and the exposure time was 180 s. The scattered X-ray intensity was recorded using a curved image plate detector. Note that we consider the analysis of the samples of slightly different thickness (50 versus 70 µm) uncritical regarding drawing conclusions about the phase structure, in particular since the diameter of the X-ray beam is more than 10× larger than the sample thickness.
Differential scanning calorimetry (DSC)
DSC was employed for analysis of the crystallinity in the skin layer and the central part of the injection moldings, taken at distances of 50 and 700 µm from the surface, respectively.
In order to assess the structure at the surface, sections with a thickness of 50 µm were cut parallel to the ND-MD plane of the molding (see Figure 3 ) and placed into 20 µL aluminum pans. In order to avoid uncertainties due to specimen-sampling, samples from the core region were prepared similarly, that is, using a microtome and collection of section with a thickness of 50 µm. The sample mass was around 1 mg. A heat-flux DSC 1
from Mettler-Toledo in combination with a TC 100 intracooler from Huber was used, with the furnace purged with nitrogen gas at a flow rate of 60 mL min -1 . The instrument was calibrated based on the temperature and enthalpy of melting using an indium standard. The crystallinity in the skin and core of the PA 11 injection moldings was then estimated from the enthalpy of melting in the first heating scan recorded at a rate of 10 K min -1 , using a value of the bulk enthalpy of melting of 189 J g -1 [39] .
Results and discussion °C. With decreasing temperature, however, the cooling-rate differences between skin and core are less pronounced, as all curves in the various plots merge at temperatures close to the mold temperature.
To predict the temperature of crystallization in the injection moldings at the selected distances from the surface, the cooling-rate dependence of crystallization temperatures of PA 11 is inserted in all plots (star symbols), as determined in a separate study [20] .
Accordingly, the crystallization temperature of PA 11 decreases with increasing cooling rate from about 160 °C on cooling slower than 1 K s -1 to around 80 °C on fast cooling at a rate of few hundred K s -1 . If the cooling rate is higher than about 600 K s -1 then formation of /-crystals of PA 11 is suppressed. As a result of incomplete high-temperature crystallization, in a rather narrow cooling-rate range between about 200 and 600 K s -1 there is observed formation of '-mesophase at around 50 °C via a homogeneous crystalnucleation process [14, [22] [23] [24] . Inspection of both data sets, cooling rate as a function of temperature and crystallization temperature as a function of cooling rate, provides information about the expected temperature of crystallization in the moldings, given by their intersections.
For example, if the skin of the injection molding prepared using a mold temperature of 25°C (top plot) is cooled at rates higher than about 100 K s -1 , which is valid for temperatures higher than about 120 °C then crystallization cannot occur since it is known that crystallization at these high rates would only occur at temperatures lower than about 120 °C (see star-symbols); crystallization is expected when both curves intersect, in this case at about 120 °C when cooling occurs at a rate of around 100 K s - Recently, the -crystal/'-mesophase polymorphism of PA 11 including the perfection of -crystals has been correlated with the temperature of isothermal melt-crystallization [14] .
The crystallization that occurs during injection molding is influenced by shear-induced molecular orientation, and occurs at a cooling rate that slows as the material approaches the temperature of the steel mold. Crystallization nucleation undoubtedly occurs at a higher temperature due to flow-induced effects, and subsequent crystal growth will occur during the cooling process, so the kinetic situation is complex. Nonetheless, it is hypothesized that the majority of crystal growth will occur within a narrow temperature range that will correlate closely to a discreet isothermal temperature and the resulting microstructure will have also an isothermal crystallization analog. In short, using fast scanning chip calorimetry, samples were cooled at a rate of 1000 K s -1 to different crystallization temperatures between 60 and 180 °C, with such high cooling rate assuring absence of crystallization before beginning the systematic isothermal crystallization experiments.
After crystallization, the samples were cooled to room temperature at an identical rate of 1000 K s -1 and analyzed regarding the X-ray structure. This experimental route, designed to establish a relation between the crystallization temperature and the phase structure, was used to enhance the prediction of crystallization temperatures and ultimate phase structure in the injection moldings in the present study. In detail, such proof of (a) the reliability of the simulation of cooling rates in injection moldings and (b) the approach of predicting phase structures in the various layers below the surface by suggesting cooling-rate dependent crystallization temperatures obtained in independent non-isothermal crystallization experiments is done by comparison of the XRD pattern/phase structure obtained on isothermally crystallized PA 11 with the XRD pattern obtained from specimens taken at different distance from the surface of the injection moldings. The data in Figure 4 show both the expected variable cooling rate at distinct locations within the molded part, as obtained by simulation as well as the cooling rate dependent crystallization data obtained from fast scanning calorimetry data. Both pieces of information are required to estimate the crystallization conditions at specific depth locations in the molded part.
From this data a relevant range of isothermal crystallization temperatures were determined.
The data presented in Figure 7 shows a logical experimental relationship between the crystallization in the skin layer, approximately 50 μm below the surface of the molded sample and the sample created in the isothermal calorimetry studies. The XRD characterization of the molded sample most closely resembles the isothermal samples formed at 130°C suggesting that, during molding, crystallization occurs at temperatures around 120 to 130 °C. Similarly, the XRD data obtained from the core of the molded sample closely align with a higher-temperature isothermal sample. Therefore, for the core it is expected that crystallization may proceed at slightly higher temperatures between 130 to 140 °C. At the core of the sample, the accelerating influence of flow-induced crystallization is small, due to the fountain-flow shear profile through the thickness. The solid and dashed curves represent data observed on samples taken from the skin and core layers, respectively, with the sampling method illustrated in Figure 3 . Most important, regardless the mold temperature, the DSC data reveal presence of similar amount of crystals in both the skin and core layers of the molding. The crystallinity was estimated from the area of the observed melting peaks using a bulk enthalpy of melting of 189 J g -1 for normalization [39] . Accordingly, the crystallinity is around 25 % with negligible differences between skin and core, as well as negligible effect of the mold temperature.
Reproducibly there has been observed a tiny pre-melting peak for samples taken from the core (see arrow). A possible reason is onset of melting in the core region at slightly lower temperature than in the skin, followed/superimposed by recrystallization at the selected slow-heating conditions [43] [44] [45] [46] [47] [48] . This observation may point to slightly higher thermal stability of crystals in the skin. Despite XRD data have shown that crystals in the skin are more imperfect than in the core such higher stability may be attributed to the shear-induced orientation of the surrounding melt, that is, by reduced entropy of melting [49] . , and 700 µm from the surface of the sample, respectively, used for simulating the cooling rates in Figure  4 ; in addition, there is provided information about predicted crystallization temperatures. Regarding the core region, a fine-spherulitic structure is observed in all samples with only small differences detected with respect to spherulite size. Figure 10 shows micrographs of the core region of the injection molding prepared using mold temperatures of 25 °C (left), 50 °C (center), and 80 °C (right) at larger magnification, revealing that the spherulite size marginally increases with the temperature of the mold. This result is expected as the density of crystal nuclei typically increases with decreasing temperature leading to larger spherulites. Note that at a distance of 700 µm below the surface, the data in Figure 4 suggest crystallization temperatures of 135, 139, and 142 °C when injection molding PA 11 using mold temperatures of 25, 50, and 80 °C, respectively. 
Conclusions
The skin/core structure and semicrystalline morphology of injection molded PA 11 was investigated by X-ray diffraction (XRD), polarized-light optical microscopy (POM), and differential scanning calorimetry (DSC). The skin layer and shear zone appeared featureless in POM, while in the core region spherulitic crystallization was detected. DSC, however, revealed a similar crystal fraction of around 25 % in both skin and core. XRD, in addition, allowed identification of presence of -crystals with their perfection increasing from skin to core. Near the surface, these -crystals were extremely imperfect with a structure close to that of the pseudo-hexagonal -mesophase.
A concept of prediction of the structure of injection moldings has been introduced and validated. It includes simulation of the cooling-rate profile in all regions of the molding as a function of the temperature of the melt, and forecasting the corresponding temperatures of crystallization, based on non-isothermal quiescent-melt crystallization experiments performed independently. It appears by observation of similar semicrystalline morphologies in the various regions of the injection moldings with that in samples crystallized from the relaxed melt at comparable conditions that the suggested approach of predicting the structural gradient in injection moldings is reliable and does not necessarily need to account for shear-induced crystallization effects for this particular polymer.
